Citation: Ke SR, Lam J, Pai DK, Spering M. Directional asymmetries in human smooth pursuit eye movements. Invest Ophthalmol Vis Sci. 2013;54:4409-4421. DOI:10.1167/iovs.12-11369 PURPOSE. Humans make smooth pursuit eye movements to bring the image of a moving object onto the fovea. Although pursuit accuracy is critical to prevent motion blur, the eye often falls behind the target. Previous studies suggest that pursuit accuracy differs between motion directions. Here, we systematically assess asymmetries in smooth pursuit.
S mooth pursuit eye movements, the key response of the eyes to visual motion, serve to keep moving objects of interest close to the fovea. To compensate for retinal image motion, which arises naturally when a moving object is viewed, smooth pursuit must be accurate, with eye velocity closely matching target velocity. An inability to accurately track a moving target and hold it close to the fovea produces motion blur, which may impair visual acuity [1] [2] [3] and debilitate interactions with moving objects in daily activities. Recent studies have shown that accurate smooth pursuit can improve the perception of fine spatial detail, 4 color, 5 and motion. 6, 7 Yet, other studies have reported that smooth pursuit accuracy may be highly variable and differ across motion directions. Specifically, four types of directional anisotropies have been reported for smooth pursuit:
1. Cardinalversus diagonal axes: a preference for motion along the cardinal over the diagonal axes, known as the ''oblique effect,'' has consistently been shown in studies assessing perceptual direction discrimination. [8] [9] [10] [11] [12] Some studies report similar oblique effects in smooth pursuit direction, 12, 13 whereas others have found symmetric pursuit responses. 9 2. Horizontalversus vertical axes: better smooth pursuit performance has consistently been shown along the horizontal rather than along the vertical axes. [13] [14] [15] [16] [17] [18] [19] 3. Downwardversus upward motion directions: better smooth pursuit for downward than for upward target motion has been found in many studies in infants/ children in humans 20, 21 and monkeys [21] [22] [23] [24] [25] ; however, findings in adults are inconsistent. [13] [14] [15] [16] 21, 26, 27 4. Centripetalversus centrifugal motion directions: both smooth pursuit and motion perception may benefit from target motion towards the center of the visual field (i.e., straight-ahead eye position) rather than away from the center, [27] [28] [29] [30] but the opposite effect has also been reported. 31, 32 Results regarding asymmetries along the vertical axis are particularly inconclusive. Such inconsistent findings could be due to many factors, including small sample sizes (most studies used fewer than 10 observers), individual differences between observers, or different levels of training of observers (most studies used highly trained monkeys or laboratory members). Moreover, spatial location within the visual field could have influenced results along the vertical axis. The present study is the first to investigate all four directional asymmetries in one experiment, testing a large sample of mostly untrained human observers. A control experiment examined the possible effects of stimulus location (upper versus lower visual field) on pursuit asymmetries. in experiment 1, 22 in experiment 2. Authors SRK and MS participated in both experiments, author JL participated in experiment 1; all other observers were undergraduate or graduate students at the University of British Columbia (UBC) and were unaware of the purpose of the experiment. Data from trained authors and untrained observers were not systematically different. Study procedures followed the tenets of the Declaration of Helsinki and were approved by UBC's Behavioral Research Ethics Board. All observers participated with written informed consent.
METHODS Observers
Observers were included in the study if they had normal or corrected-to-normal visual acuity; no history of ocular motility abnormality, strabismus, or amblyopia; and no history of any neurologic or psychiatric condition. All observers were screened to confirm normal visual acuity. Monocular and binocular visual acuities were determined using the ETDRS visual acuity chart at 4-m test distance (Original Series Chart ''R''; Precision Vision, La Salle, IL). All observers had normal (n ¼ 19) or corrected-to-normal visual acuity (n ¼ 21) with monocular acuity 20/20 or better in n ¼ 31 and 20/40 or better in n ¼ 9, and all observers had binocular acuity 20/20 or better; those with refractive errors wore their regular glasses or contact lenses during the study. All observers had normal near stereovision (40 s/arc), as assessed by the Stereo Fly Test at 16-in test distance (Precision Vision). Ocular dominance was determined using the Miles test 33 ; 25 observers were right-eye dominant, 15 were left-eye dominant. We also tested observers' handedness, using the original Edinburgh Handedness Inventory 34 : 34 observers were right-handed, 5 were left-handed, and 1 was ambidextrous.
Visual Stimuli and Setup
The visual motion target was a small, white Gaussian spot with diameter 0.58 and luminance 117 cd/m 2 presented on a uniform gray background (70 cd/m 2 ). The fixation target was a small black square (size, 0.28; luminance, 5 cd/m 2 ). Stimuli were displayed on a calibrated 21-in CRT monitor with dimensions 40.13 cm 3 29.85 cm. The display was set to a refresh rate of 85 Hz and a resolution of 1600 3 1200 pixels. Observers were seated 55 cm away from the monitor with their head stabilized by means of a combined chin and forehead rest with memory-foam padding; to increase horizontal stability observers were instructed to maintain a steady head position.
Design and Procedure
We manipulated stimulus motion direction and speed. In a given trial, the target moved either to the left, right, up, down, or in any of the intermediate diagonal directions at 458, 1358, 2258, or 3158 starting from the screen center; target speed was either 4.5, 11.3, or 22.6 degrees per second (deg/s), resulting in a total of 8 (direction) 3 3 (speed) ¼ 24 conditions. Direction and speed were randomized across trials. Each experimental session lasted 60 minutes, during which observers ran 5 to 6 blocks of 96 trials each (each block lasted 6-8 minutes), resulting in a total of 480 or 576 trials per observer (20 or 24 trials per condition). Observers were encouraged to take breaks between blocks of trials, every 7 minutes on average, to prevent effects of fatigue.
Each trial started with a central fixation target. Observers initiated stimulus motion by pressing an assigned button on a gamepad. This gave the observer full control over the pace of the experiment, further preventing fatigue. The stimulus was initially displaced in the direction opposite to the target's velocity (step) before moving back across the fovea (ramp). This step-ramp procedure follows Rashbass 35 and is commonly used to prevent early saccades in smooth pursuit. In a pilot experiment, we optimized the size of the step, tailored to the target's speed, to prevent early saccades in both the direction of the step and the ramp: step sizes were 0.38, 1.28, and 4.58 for target speeds 4.5, 11.3, and 22.6 deg/s, respectively, so that the target reached the fovea approximately 200, 106, or 71 milliseconds (ms) after target motion onset. The step was followed by a constant ramp-duration of 800 ms. Observers were instructed to track the moving target with their eyes.
Eye Movement Recording and Analysis
Binocular eye position was measured using the Eyelink 1000 desktop-mount (SR Research, Kanata, ON, Canada) set to a sampling frequency of 1000 Hz. The Eyelink is a remote, videobased eye tracker that is unobtrusive and easy to set up, but it requires use of a chin rest to stabilize head position for highaccuracy tracking. The system reliably tracks observers with glasses or soft contact lenses. Eye movements were analyzed off-line using Matlab (Mathworks, Natick, MA). Eye velocity was obtained by differentiation of eye position signals over time and smoothed with a low-pass Butterworth filter (40-Hz cut off) in Matlab. Saccade onset and offset detection was based on the third derivative of eye position over time (jerk), obtained by differentiating unfiltered eye acceleration. Four consecutive samples had to exceed a fixed criterion of 95,000 deg/s 3 to be counted as saccade samples. For the analysis of smooth pursuit, saccade velocities were replaced by linear interpolation. Smooth eye movement onset was detected in the initial 300-ms interval after stimulus motion onset by fitting each 2-D position trace with a piecewise linear function consisting of two linear segments and one breakpoint. The least-squares fitting error was minimized iteratively (using the function lsqnonlin in Matlab) to identify the best location of the breakpoint, defined as the time of pursuit onset. We assessed pursuit quality during the open-and closed-loop phases of the pursuit response. Open-loop responses during the first 100 to 150 ms after pursuit onset reflect an estimate of visual velocity derived from image motion across the retina 36, 37 ; closed-loop responses rely on a combination of retinal image motion and extra-retinal feedback. Figure 1 shows mean In the closed-loop interval, eye-velocity gain (eye velocity divided by target velocity) was measured in the 300-to 500-ms interval after pursuit onset. We also analyzed the latency of the initial catch-up saccade (CUS) as well as the number and amplitude of catch-up saccades across each trial. Traces with blinks at any time during stimulus presentation were excluded (<0.5% of trials in any experiment).
Statistical Analysis
Pursuit characteristics were compared statistically between conditions using repeated-measures ANOVA with withinsubjects factors direction and speed. For each ANOVA, we confirmed the normality of the data and the equality of variances using Mauchly's test for sphericity. Following significant main effects of direction, we compared responses to cardinal-diagonal, horizontal-vertical, and up-down motion directions using 2-tailed t-tests at a Bonferroni-corrected a-level of 0.017 (0.05/3); tests were either conducted across speed (if no direction 3 speed interaction was found), or separately by speed. All statistical analyses were conducted using SPSS Statistics Release 20 (IBM, Armonk, NY). We normalized pursuit peak velocity, gain, and saccade number by calculating an asymmetry index AI, defined as the difference between the average eye movement response (peak velocity, gain, or saccade number) to horizontal directions and the average eye movement response to vertical directions, divided by the sum (e.g., for peak velocity [pv]):
Pursuit gain in response to upward versus downward motion was normalized in the same way.
RESULTS
Regardless of eye dominance, we found no significant differences between data collected from either the left or the right eye. We therefore used eye-position data from each observer's dominant eye.
Speed Effects
Target speed significantly impacted pursuit characteristics, as revealed by significant main effects of speed as well as significant speed 3 direction interactions (results of repeatedmeasures ANOVA in Table 1 ). Initial eye acceleration and peak velocity increased, and pursuit latency and gain decreased as a function of target speed (see Fig. 2 ). All three saccade parameters were affected by speed (Table 1) : saccade number and amplitude increased with speed, while latency of the first saccade decreased, indicating that pursuit became less smooth at higher speeds (see Fig. 3 ).
Direction Effects
However, the main focus of the current study was on the effects of motion direction. Mean velocity traces averaged across all observers ( 
Open-Loop Pursuit
Pursuit latency ( Fig. 2A) was significantly affected by target direction (Table 1) 
Closed-Loop Pursuit
Results for closed-loop pursuit gain (Fig. 2D) indicate a horizontal-vertical as well as an up-down asymmetry (statistical results for gain are summarized in Table 2 ). Gain was (Figs. 4C, 5C ). Gain was also higher in response to downward versus upward motion; this effect was significant for medium and fast speeds (Figs. 4D, 5D ), as reflected in a significant direction 3 speed interaction. We found no oblique effect; the gain in response to diagonal motion directions was in between the gains to horizontal and vertical motion directions (Fig. 2D) . 
Catch-Up Saccades
Smooth pursuit eye movements are never completely smooth; they frequently fall behind the target, and CUS are usually made to compensate for the resulting errors in eye position and velocity. 38 We analyzed the latency of the first (initial) catch-up saccade as an indicator of the smoothness of the initial pursuit phase, as well as the number and amplitude of CUS across each trial. Figure 3 shows that CUS, too, reflected an up-down asymmetry (see Table 1 (Fig. 4A) , catch-up saccade number (Fig.  4B) , and gain (Fig. 4C) . For peak velocity and gain, the majority of the data points fall below the diagonal, indicating higher eye velocity and gain to downward motion. For the number of CUS, most data points fall above the diagonal, indicating that more CUS were made in response to upward motion. Figure  4D shows individual data points for gain in response to horizontal versus vertical motion directions. Here, data points from almost all observers lie above the diagonal, indicating higher gain to horizontal motion. Figure 5 shows normalized open-loop peak velocity (Fig.  5A) , catch-up saccade number (Fig. 5B) , and gain (Fig. 5C ) to upward versus downward motion, as well as gain to horizontal versus vertical motion (Fig. 5D) . Mean asymmetry indexes for each pursuit measure differed significantly from zero, indicating stable asymmetries despite individual variability in response to horizontal versus vertical (closed-loop) and upward versus downward motion (open-loop and closed-loop pursuit).
Experiment 2
In experiment 1, downward target motion always occurred in the lower visual field, and upward motion occurred in the upper visual field. In experiment 2, we constrained up-down motion directions either to the upper or to the lower visual field. In 22 observers, 20 of them newly recruited and 2 authors (SRK and MS), we varied motion direction (up versus down) and visual field (upper versus lower) by having target motion start either from the center, moving towards the periphery (centrifugal), or by starting in the periphery (688 from the center), moving towards the center (centripetal). In a given block of trials, upward and downward motion directions were randomly interleaved, but targets were presented only in the upper or in the lower visual field to prevent effects of direction uncertainty when the stimulus started from the center. Observers were randomly assigned to starting either with three blocks of target motion in the upper visual field or three blocks of motion in the lower visual field. Target speed was constant at 11.3 deg/s; step size was 1.28 (as in experiment 1). Target ramp motion after the initial step was 600 ms to prevent the stimulus from crossing into the opposite visual field. Each observer ran 6 blocks of 80 trials each, with a duration of approximately 6 minutes per block, resulting in 480 trials per observer (120 trials per condition). As in experiment 1, regularly scheduled breaks between blocks of trials, every 6 minutes on average, prevented fatigue. We conducted repeated-measures ANOVA and 2-tailed t-tests at an a-level of 0.05. Experiment 2 showed significantly better pursuit in response to downward versus upward stimulus motion in both open-loop and closed-loop responses (Fig. 6 ) as well as catch-up saccade measures (Fig. 7) . Table 3 summarizes results of repeated-measures ANOVA with within-subjects factors direction and visual field.
Open-Loop Pursuit
Pursuit latency was not affected by motion direction but showed a main effect of visual field (Table 3) . Latency was significantly shorter in the upper versus lower visual field for downward motion: t(21) ¼ 2.21, P ¼ 0.04; but not upward motion: t(21) ¼ 1.75, P ¼ 0.09. Figure 6A shows individual observers' latency (left) and mean latency across 22 observers (right). In contrast, initial acceleration and peak velocity showed significant main effects of motion direction, but not of visual field (Table 3) . Acceleration was significantly higher in response to downward motion-most data points in Figure 6B (left) are below the diagonal-but this effect was only significant in the upper visual field: t(21) ¼ 2.88, P ¼ 0.009; not in the lower visual field: t(21) ¼ 1.08, P ¼ 0.29 (see Fig. 6B , right). Peak velocity was higher in response to downward motion regardless of visual field (Fig. 6C) , both for the upper visual field: t(21) ¼ 4.61, P < 0.0001; and the lower visual field: t(21) ¼ 2.18, P ¼ 0.04. For peak velocity, we also found a marginally significant visual field 3 direction interaction (P ¼ 0.05; Table 3 ), reflecting a stronger preference for downward motion in the upper than in the lower visual field.
Closed-Loop Pursuit
Pursuit gain was significantly higher in response to downward motion regardless of visual field, reflected in a significant main effect of direction, but not of visual field (Table 3) ; this difference was significant both in the upper visual field: t(21) ¼ 3.56, P ¼ 0.002; and in the lower visual field: t(21) ¼ 2.93, P ¼ 0.008 (Fig. 6D ).
Catch-Up Saccades
A main effect of motion direction on initial CUS latency and CUS number (Table 3) indicated that pursuit was smoother in response to downward versus upward motion direction. Saccade latency was significantly shorter for downward motion both in the upper visual field: t(21) ¼ 5.64, P < 0.0001; and in the lower visual field: t(21) ¼ 3.81, P ¼ 0.001. Figure 7A shows individual observers' CUS latency (left), with most data points falling below the diagonal, and mean CUS latency (Fig. 7A,  right) . Similarly, saccade number was significantly lower for downward motion in the upper visual field: t(21) ¼ 6.07, P < 0.0001; and in the lower visual field: t(21) ¼ 4.26, P < 0.0001 (Fig. 7B) . We also found a significant main effect of visual field for saccade number, with fewer saccades in the lower visual field for upward motion: t(21) ¼ 4.51, P < 0.0001); but not downward motion: t(21) ¼ 0.22, P < 0.83. A significant visual field 3 direction interaction for both CUS measures reflects stronger downward preferences in the upper visual field. CUS amplitude was similar across motion directions and visual fields (Fig. 7C) .
To summarize, pursuit across the entire response was more accurate and smoother in response to downward versus upward motion. Downward motion was preferred across the visual field, albeit with larger effects in the upper visual field. We found no general preference for the upper or the lower visual field, and no difference between centripetal and centrifugal directions.
DISCUSSION
The present study demonstrates, for the first time, a consistent up-down asymmetry in human adults across the visual field, as well as a horizontal-vertical asymmetry. Our results also confirm the effects of target speed on smooth pursuit-latency decreased and open-loop acceleration and peak velocity increased with speed; closed-loop pursuit gain decreased, and CUS number and amplitude increased with speed; such effects of speed have been discussed in the literature 27, 36, 39 and are not the focus of this discussion.
Different Signatures of Asymmetry in Open-and Closed-Loop Pursuit
The preponderance of horizontal over vertical motion directions in pursuit gain is consistent with previous studies in humans 13, 14, 17 and monkeys, 18, 19 showing higher gain towards horizontal motion directions (Table 4) . While findings are generally consistent for closed-loop velocity gain, results for open-loop pursuit are less clear. Consistent with other studies (e.g., Rottach et al. 13 ), we did not observe significant horizontal-vertical asymmetries in any of the open-loop measures or CUS. The preference for downward motion in experiments 1 and 2, however, was apparent throughout the entire duration of the response, in open-loop and closed-loop pursuit as well as in CUS. These results are consistent with findings obtained by Grasse and Lisberger 25 in a single monkey. They are also in line with up-down asymmetries found in human infants (age, 5-9 months; Grönqvist et al. 20 ), children (age, 9-11 years; Takeichi et al. 21 ), and young, trained monkeys (Takeichi et al. 21 ; Kasahara et al. 23 ). Strong up-down asymmetries were also found in untrained monkeys (Akao et al. 22 ), indicating that asymmetries may lessen with training or experience (although up-down asymmetries may increase with age, as indicated by the faster decrease for upward than for downward gaze with age 40, 41 ). In contrast, most studies in human adults have not found systematic patterns of up-down asymmetries in either open-or closed-loop pursuit [13] [14] [15] 21, 26, 27 (see Table 4 ). Similar inconsistencies exist in perceptual studies, where symmetry along the vertical axis was found in tasks on speed discrimination 42 and acceleration detection, 43 FIGURE 6. Pursuit responses in experiment 2 (n ¼ 22). Left column: Individual observers' data in response to motion in the upper (blue) versus lower (red) visual field for upward versus downward motion. Each square denotes mean responses across trials for one observer. Data points falling below the diagonal indicate faster/higher responses to downward motion. Right column: Means for 22 observers for upward (black) versus downward (white) target motion in the upper (blue-framed bars) versus lower (red-framed bars) visual field. Error bars denote SEM. Asterisks denote significant results in 2-tailed paired-samples t-tests, following conventions (*P < 0.05, **P < 0.01, ***P < 0.001). but perceptual estimation of motion duration was better for downward than upward moving targets. 44 Sample sizes in those pursuit studies reported in Table 4 ranged from 3 to 10 observers, many of them trained laboratory members. Our study provides the first account of a stable up-down asymmetry across the entire pursuit response and across the visual field in a large sample (n ¼ 40) of healthy and mostly untrained (n ¼ 37) human adults, with no systematic differences in patterns of asymmetry between trained laboratory members and untrained subjects. While training may play a role in diminishing pursuit asymmetries, it cannot eliminate the effects.
Opposite Up-Down Asymmetries in Vertical Pursuit and Optokinetic Nystagmus (OKN)
We have shown better pursuit in response to downward than in response to upward motion direction (see Table 4 ). Of interest, the majority of studies on OKN report the opposite vertical asymmetry, with higher slow-phase velocities and gain found in response to upward motion in frontal-eyed species such as humans, [45] [46] [47] [48] [49] [50] monkeys, 51, 52 and cats, 16, 53 as well as lateral-eyed animals such as chickens. 54 Some studies found no vertical asymmetries in OKN. 55, 56 Both smooth pursuit and OKN are visually induced eye movements that are controlled by similar neuronal pathways. 57 The two types of responses are often distinguished based on the stimulus that elicits them best: smooth pursuit is a continuous, slow response to small targets moving at moderate speeds; OKN responds best to fast motion patterns spanning the entire visual field. But, more important, both systems seem to serve inherently different purposes: pursuit is made to shift and align gaze with a moving object of interest; OKN is a reflexive movement to stabilize gaze on a visual scene.
If we assume that the visual and oculomotor systems are adaptive and have evolved, developmentally and evolutionarily, to optimally respond to the prevailing content of the visual world (e.g., Simoncelli and Olshausen 58 ), opposite signatures of up-down motion directions in pursuit and OKN are not surprising. The upward-preference in OKN may be an adaptive response to stabilize gaze during forward locomotion by suppressing or compensating downward optic-flow information. The preference for downward motion in smooth pursuit may partly result from the frequency of exposure to falling (rather than rising) objects owing to gravity, as proposed by studies showing perceptual and motor preference for objects moving in compliance with gravity constraints. 44, 59 No
Vertical-Meridian Asymmetry in Smooth Pursuit
Consistent with other studies on pursuit asymmetries, 25, 27 we found no systematic difference between the upper and lower visual fields. In contrast, many perceptual studies report vertical-meridian asymmetries, suggesting that humans are better in detecting, discriminating, and segmenting motion direction when the moving object is located in the lower visual field, than when it moves across the upper visual field. [60] [61] [62] However, studies on motor performance yielded inconsistent results. Whereas some studies report a more efficient use of visual feedback when reaching for objects in the lower visual field, 63, 64 as well as higher endpoint precision, 65 other studies find no differences in movement time and endpoint accuracy of reaching movements to either visual field. 66, 67 Studies on pursuit, 25 including the present one, either find a clear downward preference regardless of visual field or a preference for centripetal motion across the visual field (i.e., no general preference for motion in the lower visual field). 27 
Neuronal Correlate of Pursuit Asymmetries
While asymmetries in smooth pursuit seem to be shaped by prior experience and training, their cause may lie in differences in neuronal processing. Smooth pursuit eye movements are driven by visual motion information, which is mainly transmitted via the cortico-pontine-cerebellar pathway through the middle temporal visual area (MT) to the parietal and frontal cortex and in parallel to the pontine nuclei in the brainstem and the cerebellum for the assembly of motor commands (see detailed reviews in Keller and Heinen 57 ; Krauzlis 68 ; and Leigh and Zee 69 ). Whereas little indication for systematic directional asymmetries has been found in neuronal responses in visual cortical areas such as MT 9, 70 (but see Giaschi et al. 71 for a report of a centripetal-centrifugal asymmetry in human MT), several pursuit-related regions within the cerebellum carry signatures of vertical pursuit asymmetries.
The cerebellar flocculus, mainly involved in the maintenance, but also the initiation, of smooth pursuit, has been described to exhibit an up-down asymmetry in smooth pursuit (for a review, see Ref. 72) . The majority of floccular Purkinje cells are active during downward but not during upward pursuit. [73] [74] [75] Using functional imaging of the flocculus, Glasauer et al. 76 found similar differences in neuronal activity during vertical pursuit in healthy humans. Lesions in the flocculus may result in downbeat nystagmus (i.e., slow upward drifts of the eye followed by downward corrective saccades). 77, 78 This finding, in conjunction with the asymmetry in the activity pattern of floccular Purkinje cells, indicates that the cerebellar flocculus may mediate the preference for downward motion directions in vertical smooth pursuit. Lesions of other cerebellar structures involved in vertical smooth pursuit (e.g., uvula, nodulus) may also result in impaired downward pursuit. 79 Kurkin et al. 24 provide further indirect evidence that the up-down pursuit asymmetry may be mediated downstream from cortical pursuit areas. In two monkeys with up-down pursuit asymmetry, these authors recorded the activity of neurons in the caudal area of the frontal eye fields (FEF), a region that has emerged as one of the most important cortical pursuit areas. 68, 80 Although behavioral experiments revealed higher downward pursuit gain and peak velocity in these monkeys, the activity of FEF neurons was symmetric.
Neuronal correlates for the horizontal-vertical pursuit asymmetry are less obvious. Pathways for horizontal and vertical pursuit seem to separate in the cerebellum: Purkinje cells in the cerebellar flocculus encode neuronal signals for horizontal and vertical smooth pursuit separately, 74, 81 and projections from the flocculus to the motoneurons go through the superior vestibular nucleus for vertical pursuit 82 and to the abducens nucleus via the vestibular nucleus for horizontal pursuit. 57 These separate cerebellar projections may underlie the observed horizontal-vertical asymmetry in pursuit. Such a horizontal preference may be an acquired and adaptive response to the frequency with which we encounter motion along the horizontal axis in our visual environment.
A number of outstanding questions remain, which this study was not designed to address. Smooth pursuit eye movements have consequences for visual perception, and we have recently shown that higher accuracy in pursuit tracking causes an increase in the ability to predict visual motion trajectories. 83 Asymmetries in eye-movement accuracy could therefore be responsible for anisotropies observed in many perceptual tasks. While we have assessed naturally occurring asymmetries in healthy adults, eye-movement asymmetries are also present in many disease states, such as strabismus. For instance, infantile strabismus often results in impaired and asymmetric eye movements, (i.e., a nasaltemporal pursuit asymmetry) 84, 85 and occasionally a preference for upward motion, 85 as well as the loss of visual function. However, vertical asymmetries, in particular, as well as their potential perceptual consequences have not been studied systematically in this or other patient groups nor in the elderly, who may show larger asymmetries owing to a faster decay of upward gaze with age. 40, 41 Our results may serve as a baseline for developmental studies as well clinical studies assessing patients with disorders involving ocular motor asymmetries.
